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[57] ABSTRACT

A process for producing a product of carbon fiber rein-
forced thermoplastic resin comprising immersing car-
bon fibers in a suspension of a powder of a thermoplas-
tic resin in a liquid medium, which contains at least 20
wt % of an organic liquid and which contains from 0 to
80 wt % water, to impregnate the thermoplastic resin
among carbon fibers, and heating the thermoplastic
resin deposited on the fibers to melt and form a unitary
assembly with carbon fibers.

18 Claims, 1 Drawing Sheet
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METHOD FOR PRODUCING CARBON FIBER
REINFORCED THERMOPLASTIC RESIN
PRODUCT

| 3
This is a continuation-in-part of application Ser. No.

07/135,793, filed Dec. 21, 1987, now abandoned.

FIELD OF THE INVENTION

The present invention relates to a method for produc- 10
ing a carbon fiber reinforced thermoplastic resin prod-
uct (prepreg) comprising impregnating a thermoplastic
resin in a strand of carbon fibers and subsequently heat-
ing the thermoplastic resin to be melted to form a prod-
uct (prepreg) with the carbon fibers. The product ob-
tained by the present invention offers a carbon fiber
reinforced composite having improved impact resis-
tance and other desired properties. This composite finds
extensive use in aerospace applications and other indus- 20
trial fields in general.

BACKGROUND OF THE INVENTION

Since carbon fibers have high specific strength and
specific modulus of elasticity, they are used in a variety 25
of resin materices in the form of long or short filaments
to form fiber-reinforced composites. In aerospace appli-
cations that require high mechanical properties and heat
resistance, and in other general industrial fields, thermo-
setting resins such as unsaturated polyester resins,
epoxy resins and polyimide resins have been used as
matrix resins. However, since these maitrix resins are
brittle and inferior in impact resistance, improvement
thereof has been required, especially for use in aircraft. 35

Other problems with the conventional thermosetting
resins are that prepregs made from them are difficuit to
store in good condition because of their short shelf life
and that such prepregs lend themselves to have low
production rate since they require a long time to be
formed into a desired shape.

As compared with prepregs of thermosetting resins,
those of thermoplastic resins have distinct advantages in
that they can be formed into composites having im- 45
proved impact resistance, that they are fairly easy to
store in good conditions, and that they can be shaped
into a desired form in a short period of time, thereby
contributing to a lower shaping cost.

Commonly employed methods for producing pre-
pregs of thermoplastic resins include: (1) hot-melt-
adhering a film of thermoplastic resins to carbon fibers
(described €.g., in Japanese Patent Application (OPI)
No. 29651/83); (2) immersing a carbon fiber strand in an 55
aqueous dispersion containing thermoplastic resin, par-
ticles, melting the resin particles and drying the carbon
fiber strand (described e.g.,in Brit. Patent 1,424,168);
and (3) passing carbon fibers through a fluidized bed of
a resin powder to have the resin deposited on the fibers 0
and heating the resin to melt (described in e.g., U.S.
Patent 3,742,106). However, these methods each has
problems. In the first method since the resin does not
permeate into the inside of the carbon fiber strand suffi- (s
ciently their mechanical characteristics can not be ob-
tained sufficiently. The second method has the disad-
vantage that spreadability of a carbon fiber is poor,
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which results in low impregnation of the resin into the
carbon fiber strand. In the third method, it is difficult to
control the amount of resin particles to be deposited on
the carbon fibers. |

‘The present inventors conducted studies in order to
develop a process for producing a product of carbon
fiber reinforced thermoplastic resin without suffering
from the aforementioned problems of the prior art tech-
niques.

SUMMARY OF THE INVENTION

An object of the present invention is to provide a
method for producing a carbon fiber reinforced prod-
uct. A second object of the present invention is to pro-
vide a product of a high-performance composite.

These objects of the present invention can be attained
by immersing a carbon fiber strand in a suspension of a
powder of a thermoplastic resin in a liquid medium,
which contains at least 20 wt% of an organic liquid and
which contains from 0 to 80 wt% water, to impregnate
the thermoplastic resin, and heat-melting the thermo-
plastic resin to form a product of carbon fibers.

BRIEF DESCRIPTION OF THE DRAWINGS

- FI1G. 1 shows an apparatus that may be employed to
implement the process of the present invention.

FIG. 2 shows an apparatus that may be used to elec-
trophoreticaily deposit resin particles in the method of
the present invention.

FIG. 3 shows an apparatus that may be employed in
the present invention performing a multi-stage treat-
ment.

DETAILED DESCRIPTION OF THE
INVENTION

In accordance with the present invention, the resin
impregnates uniformly between each carbon fibers. The
product prepared in this way has good mechanical
properties or when the product is used as a prepreg it
provides a carbon fiber reinforced composite material
which exhibits good mechanical properties.

Carbon fibers used in the present invention preferably
have a strength of at least 100 kgf/mm?2 and modulus of
elasticity of at least 10X 103 kgf/mm?. Suitable carbon
fibers usually have a diameter of from 1 to 20 um, pref-
erably from 4 to 7 um. In the present invention carbon
fibers may be in the form of a strand (which usually
comprises of about 12,000 to about 10,000,000 fila-
ments), a sheet comprising of the strands, or a fabric
comprised of the strands (hereinafter these embodi-
ments are collectively referred to as a strand).

In order to provide better adhesion to the resin, the
fibers are preferably subject to a suitable surface terat-
ment. Examples of the surface treatment include an
oxidation treatment by electrolysis (described, e. g., in
U.S. Pat. No. 4,401,533) or with an acid such as nitric
actd or chromic acid (described e.g., in Japanese Patent
Publication No. 27,000/72).

In the present invention either crystalline or noncrys-
talline resins can be used. The resin preferably has a
melting point or, if the resin does not have a melting
point, the resin preferably has glass transition tempera-
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ture of not lower than 150° C. Examples of thermoplas-
tic resins include polysulfones, polyethersulfones,
polyetherketones, polyetheretherketones, aromatic
polyamides, aromatic polyesters, polycarbonates (e.g.,
aromatic polycarbonates), polyetherimides, polyarylene
oxides, polyamide, polyethylene terephthalate,
polyphenylenesuifide, polyamideimide, polyarylate,
and thermoplastic polyimides.

Two or more of these thermoplastic resins may be
used as blends of desired proportions. By properly se-
lecting two or more resins to use in combination supe-
rior shaping ability and physical properties can be ob-
tained.

A resin having a higher melt viscosity may be
blended together with a resin having a lower melt vis-
cosity to mmprove their flow characteristics and this
leads to the possibility of production of composite hav-
Ing a high-performance with few defects under compar-
atively low molding pressure. Therefore, the present
invention can provide composite materials having satis-
factory mechanical properties.

Thermoplastic resins must be in a powder form. In
order to ensure good adhesion to the carbon fibers, the

particles of the resin preferably have an average size of

not more than 50 um, with the value of 10 um and
below being particularly preferred. The particles pref-
erably have an average size of not less than 1 um in
view of handling.

The liquid medium (or dispersion medium) that can
be employed to make a suspension of the resin powder
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contains at least 20 wt%, preferably at least 60 wt%, of ;s

an organic liquid which is generally selected from
among halogenated hydrocarbon compounds (e.g., di-
chloromethane, dichloroethane, chloroform, carbon
tetrachloride, trichloroethane and trichloroethylene)
and an organic liquid miscible with water, such as, alco-
hols (e.g., ethanol) and ketones (e.g., acetone), mixtures
thereof and mixtures of water and at least one of the
organic liquid miscible with water wherein the water
constitutes from O to 80 wt%, preferably from 0 to 40
wt%, of the liquid medium. A suitable type of liquid
medium should be selected in consideration of the type
and amount of the resin used. Alcohols and ketones are
preferable because impregnation of the resin can be
easily conducted even if the resin concentration in the
dispersion is low. When the liquid medium contains
water in an amount of more than 80 weight % spread-
ability (separating fibers from each other to facilitate
impregration of resin into the strand) of carbon fibers is
not thus the dispersion hardly impregnates into the
carbon fiber strand. For example, ketones are prefera-
bly used as a dispersing medium for a polyetheretherke-
tone from the point of view of impregnation of the resin
into a carbon fiber strand.

In order to ensure proper control of the resin content
in the final product (prepreg), the concentration of the
thermoplastic resin in the suspension [thermplastic resin
X 100/(dispersion medium <+ thermoplastic resin)] is
advantageously adjusted to be within the range of from
1 to 50% (by weight) more preferably from 1 to 30%,
and most preferably from 5 to 15%.
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The carbon fibers may be etther batchwise or contin-
uously immersed i1n the resin suspension using rollers .

Continuous operations are preferred in order to ensure
efficient deep impregnation of the resin into the fiber

strand.

The resin suspension may have any temperature
within the range that ensures the formation of a uniform
dispersion of resin particles. While this range depends
on the type and concentration of the resin used, the
range of from 5° to 50° C. is usually employed, prefera-
bly from 5° to 30° C., and more preferably from 15° to
25" C. The period of time of immersion in the resin
solution must be varied in accordance with the amount
of the resin to be impregnated in the fiber strand, and
the voltage and current applied when a direct current is
used. Usually, the carbon fibers are immersed in the
resin solution for 5 to 180 seconds. The length of the
bath for the suspension is usually at least 30 cm.

During the impregnation, the fiber strand are placed
under a tension of such a degree that keeps the fiber
strand taut without slackening to a value beyond which
the fibers become fuzzy.

The amount of the resin particles deposited on carbon
fibers of so treated fiber strands is 10 to 70 wt% (based
on the weight of the thus treated fibers), but from the
view point of prepreg fabrication, the resin particles are
preferably deposited on the fibers in an amount of 20 to
50 wt%.

The thus-treated carbon fiber strand is usually dried
at a temperature lower than that at which the resin
undergoes reaction or decomposition. Usually, the dry-
ing is performed at 80° to 200° C. for 1 to 20 minutes.

The strand of the fibers to which the resin particles
have adhered is subsequently passed over or between
rollers heated to a temperature not lower than the glass
transition point or melting point of the resin. Alterna-
tively, the strand may be passed through slits sur-
rounded by such a hot atmosphere. By this treatment,
the resin is melted to form a unitary assembly with the
fibers, to form a product or a prepreg of the carbon fiber
reinforced thermoplastic resin. The product of the pres-
ent nvention can be subjected to repeated plastic work-
ing by applying pressure and heat to the product. A
plurality of such products may be laid up, heated and
shaped under pressure, usually using a mold.

According to the present invention the particles of
the thermoplastic resin are effectively impregnated
between fibers so as to provide a fiber strand in which
the carbon fibers are uniformly imprengated with the
resin. As a result, in the product produced by subse-
quent melting of the resin features a higher degree of
uniformity in resin deposition and affords good adhe-
sion between the fibers and the resin. Threrefore, when
the product is used as a prepreg a composite having
superior mechanical properties can be obtained.

An unsized carbon fiber strand has a tendency to be
unduly spread and filaments easily separated from each
other under an external force and hence it is difficult to
handle during operations; a large amount of fuzz occurs
during the production of a product (prepreg) due to
frequent filament breakage and this leads to a low pro-
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duction rate; and the product finally obtained is fuzzy so
that obtention of a product of an excellent appearance
and high quality can not be guaranteed. |

If a fiber strand in which the individual fibers are held
together by a sizing agent (bundling agent) is used in-
stead of an unsized fiber strand, the method of the pres-
ent invention can not be conducted effectively to obtain
a product having high qualities because the sizing agent
prevenis the fiber strand from being sufficiently
spreaded to permit effective penetration of the particles
of a thermoplastic resin into the fiber strand. Therefore,
composite materials shaped from such a product, 1.e.,
prepregs to be produced by the method of the present
invention are unsatisfactory in their mechanical charac-
teristics and fail to fully exploit the inherent properties
of the remnforcing fibers and the resin.

In order to avoid such problems it 1s preferred to use
a strand treated with a sizing agent and to use a solvent
as a dispersion medium to dissolve away the sizing
agent in the dispersion so that the impregnation of the
resin particles is not impeded.

Examples of sizing agents include an epoxy resin
which is conventionally used as disclosed in, for exam-
ple, U.S. Pat. Nos. 4,420,512 and 4,474,906. If desired, a
soluble polyamide, polyvinyl pyrrolidone or polyvinyl
alcohol may be used as a sizing agent. The sizing agent
is usually used in an amount of from 0.5 to 5.0 wt%,
preferably from 0.5 to 2.0 wt% based on the combined
weight of the carbon fibers and sizing agent. |

The dispersion medium used to make a suspension of
the resin powder to treat the carbon fiber strand having
a sizing agent thereon should have the ability to dissolve
away the sizing agent. A suitable dispersion medium is
water, an alcohol, a ketone, a halogenated hydrocarbon
compound or a mixture thereof. Illustrative alcohols

include ethanol and methyl cellosolve; i1llustrative ke-
tones include acetone and methyl ethyl ketone; and

illustrative halogen compounds are methylene chloride
and dichloroethane. The type of mediums having the
ability to dissolve the sizing agent and the amount
thereof are selected in accordance the type and amount
of sizing agent used and with the temperature of the
bath of resin solution. The medium should not swell or
dissolve the thermoplastic resin powder dispersed
therein.

In order to enhance the effects of the present inven-
tion, the powder of a thermoplastic resin may be im-
pregnated and deposited on carbon fibers by electro-
phoretically, i.e., by applying a direct current between
the suspension and carbon fibers immersed in the sus-
pension. In order to ensure deep impregnation of the
resin into the fiber strand it is preferable that a direct
current applied pass only between the resin suspension
and the fiber strand.

‘The concentration of the resin in the suspension also
may vary with the voltage and current applied and the
amount of the resin to be deposited on the fibers. The
concentration ranges described hereinabove can also be
applied hereto.

The electric current must be a direct current, and the
fiber strand maybe used as an anode or a cathode and
the electrode in the suspension being of the opposite
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polarity. If a polarizing thermoplastic resin is used, it 1s
preferable to use the fiber strand as an anode and the
electrode in the suspension as a cathode in order to
deposite the resin uniformly on the fibers.

The voltage to be applied varies with the electrical
resistance of the carbon fibers and the suspension m
which they are immersed, but generally a voltage of at
least 1 volt is applied. The current applied preferably
has a current density of at least 1 milliampere per square
meter of the surface area of filaments which form the
carbon strand and which are situated in the bath within
1 meter from the feed end. A particularly preferred
range 1s from 0.01 to 5 amperes per square meter.

The present invention is further described with refer-
ence to the accompanying Figures.

FIG. 1 shows an apparatus that may be employed in
the present invention. In FIG. 1, the numeral 1 denotes
a fiber strand, 2 is a bath containing a resin suspension,
and 3-9 each signifies a roller. Numerals 10, 11 and 12
represent the resin suspension, a dryer and nip rollers,
respectively.

The fiber strand 1 is unwound from a bobbin and
introduced into the bath 2 through guide rollers 3 and 4.
The bath 2 1s filled with a resin suspension 10 which
contains particles of at least one thermoplastic resin
adjusted to a predetermined concentration. The fiber
strand 1 is immersed in the resin suspension so that the
resin particles are impregnated into the strand.

The fiber strand having the resin impregnated be-
tween individual fibers is taken out of the bath 2, dried
with the dryer 11, and passed through the nip rollers 12
so that the resin is melted or softened and thermally
impregnated in the strand to provide a product contain-
ing carbon fibers. |

An example of the apparatus employed in the present
invention to deposit a thermoplastic resin electropho-
retically i1s shown in FIG. 2, in which the numeral 21
denotes a fiber strand, 22 is an electrically insulated.
treating bath, 23 is an electrode which may be in the
form of a plate, rod or net of a metallic material (e.g.
copper) or a carbon material, and 24, 25, 26 and 27 are
rollers. Each of the rollers 24 and 27 serves as a rotat-
able electrode for current application made of a conduc-
five material such as a metal or a carbon material. Rol-
lers 25 and 26 are electrically insulated rotatable guide
rollers. Shown by 28 and 29 are a supply roller and a
take up roller, respectively. The numeral 30 is a resin
suspension, 31 is a dryer, and 32 is a unit of nip rollers.
FI1G. 3 shows an apparatus that may be employed in
performing a multi-stage treatment. The numerals mean
the same as those in FIG. 2. In performing a multi-stage
treatment, a single treating bath may be employed as
shown in FIG. 3 but two or more baths may also be
used. |

Muiti-stage treatments are particularly effective to
deposit particles on the carbon fibers uniformly and
quickly.

The following examples are provided for the purpose
of further illustrating the advantages of the present
invention but are in no way to be taken as limiting.
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EXAMPLES 1 AND 2

The powders of the thermoplastic resins shown in

Table 1 were individually dispersed in a liquid mixture
of ethanol and acetone (10:1 by weight) to prepare
suspensions having the resin concentration shown in

Table 1. Each of the suspensions was supplied into a
bath having the layout shown in FIG. 1. A sheet having
a width of 23 cm and comprising 40 carbon fiber strands
(tensile strength: 420 kgf/mm?2; modulus of elasticity,
24,500 kgf/mm?; diameter="7 wm; 12,000 filaments per
strand; unsized; sheet is formed of 22,500 filaments per
cm) was passed through the bath.

The resins were impregnated between the individual
fibers by immersing them in the bath for the periods of
time shown in Table 1. Subsequently, the fibers were
dried at 150° C. for 10 minutes and thermally impreg-
nated by passage through nip rollers held at the temper-
atures indicated in Table 1 giving the fiber strand im-
pregnated with the resin a pressure of 1 Kg/cm?,
thereby producing unitary prepregs of unidirectional
carbon fiber reinforced thermoplastic resin.

Each of the prepregs had fiber weight (aerial weight)
of 150 g/m+ and a resin content of 34 wt%. Each pre-
preg was cut to segments of a size as defined in ASTM.
Twenty of such segments were laminated unidirection-
ally with respect to the direction of the carbon fibers,
placed in a mold and molded under the conditions
shown in Table 1 to fabricate a flat sheet. The volume
fractions of the fibers in the so fabricated sheets are
shown in Table 3. Test pieces were cut from each sheet
and thewr bending characteristics (ASTM D-790) and
interlaminar shear strength (ILSS) (ASTM D-2344) at
0° (with respect to the direction of the fiber) were mea-
sured. The results are shown in Table 3.

EXAMPLES 3-6

The powders of the thermoplastic resins shown in
Table 1 were individually dispersed in a liquid mixture
of ethanol and acetone (10:1 by weight) to prepare
suspensions having the resin concentrations shown in
Table 1. Each of the suspensions was supplied into a
bath having the layout shown in FIG. 2. Thereafter, a
sheet the same as defined in Examples 1 and 2 was
passed through the bath. In these examples, a direct
current was passed through the bath, with the carbon
fibers being used as an anode and electrode 3 as a cath-
ode, so that the resins would be firmly deposited on the
carbon fiber sheet. The immersion time, voltage and
current density conditions employed are shown in

4,897,286
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Table 1. Subsequently, the fibers were dried at 150° C.
for 10 minutes and the resin was thermally impregnated
by passing through nip rollers giving the fiber strand
impregnated with the resin a pressure of 1 kg/cm?,
whereby unitary prepregs of unidirectional carbon fiber
reinforced thermoplastic resins were produced.

Each of the prepregs had a fiber weight of 150 g/m?
and a resin content of 35 wt%.

Test pieces were obtained and their bending charac-
teristics and ILSS were measured in the same manner as
in Examples 1 and 2. The resuits are summarized in

Table 3.
COMPARATIVE EXAMPLE 1|

The powder of the thermoplastic resin shown in
Table 1 was charged into a bath having the layout
shown in FIG. 1. The powder was not suspended in any
dispersion medium such as alcohol and remained dry.
Thereafter, a carbon fiber sheet as defined in Examples
1 and 2 was passed through the bath in the same manner
as Examples 1 and 2. After the resin particles adhered to
the carbon fiber bundles, the fibers were thermally im-
pregnated with the resin by passage through nip rollers
held at the temperature indicated in Table 1 giving the
strand impregnated with the resin a pressure of 1
kg/cm?, so as to produce a unitary prepreg of a unidi-
rectional carbon fiber reinforced thermoplastic resin.
This prepreg had fiber density of 150 g/m? and an aver-
age resin content of 35 wt%.

Test pieces were obtained and their bending charac-
teristics and ILSS were measured in the same manner as

Examples 1 and 2. The results are summarized in Table
3.

COMPARATIVE EXAMPLES 2 AND 3

Films of the resins identified in Table 2 were thermo-
compressed onto carbon fiber sheets the same as defined
in Examples 1 and 2. The combinations were passed
through nip rollers to effect thermal impregnation
under the conditions shown in Table 2. Test pieces were
obtained in the same manner as in Examples 1 and 2
using conditions shown in Table 2 and their bending
characteristics and ILSS were measured in the same
manner as in Examples 1 and 2. The results are shown in
Table 3. The prepregs fabricated by merely hot melting
resin 11lms were poorly impregnated with the resins and
the composites molded from these prepregs exhibited a

lower performance than those produced in Examples
1-6. -

TABLE 1
Coeffi-
cient of
Thermoplastic resin - Resin con- Tempera- vari- |
powder centration Impregnation treatment ture of ation in Molding conditions
Particle in suspen- Treating nip resin Tempera-
size of sion Voltage Current time rollers  content ture Pressure Time
resin (pm) (wt %) (V) (A/m?) (sec) (°C.) (%) (°C.) (kg/cm?) (min)
Example 1 Nylon 12 20 — — — 260 5.0 260 25 30
(Ato
Chimie) 20
Example 2  Polyether-*1 20 — — —_ 380 4.2 380 50 30
etherketone
(Sumitomo 10

Chemical
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TABLE 1-continued
Coeffi-
cient of
Thermoplastic resin Resin con- Tempera- vari-
_ powder  centration Impregnation treatment ture of ation in Molding conditions
Particle in suspen- Treating nip resin Tempera- |
size of sion Voltage Current time rollers  content ture Pressure Time
resin (um)  (wt %) (V) (A/m?)  (sec) (°C.) (%) (°C)  (kg/cm?) (min)
Co., Ltd.)
Example 3 Nylon 12 20 3 0.5 60 260 3.5 260 25 30
(Ato |
Chimie) 20 '
Example 4 Polyether-"! 10 5 0.5 60 . 380 2.8 380 50 30
etherketone | |
(Sumitomo 10
Chemical
Co., Ltd.) -
Example 5 Polyether-"! 20 10 1.0 100 380 3.0 380 50 30
etherketone |
(Sumitomo 10
Chemical
Co., Ltd.) |
Example 6 Polyether-"2 30 5 0.5 40 380 3.8 380 30 30
| sulfone |
(Sumitomo 10
Chemical
(Co., 1.td.)
Comparative Polyether-"2 . — — — 380 15.0 380 80 30
Example |  sulfone
(Sumitomo 10
Chemical |
Co., Ltd.)
TABLE 2
Temperature
for thermal
impregnation Molding conditions
with nip Temper-  Press-
Thermoplastic rollers ature ure Time
resin film °C.) °C.) (kg/cm?)  (min)
Compara- Nylon 12 260 | 260 25 30
tive (Ato Chimie)
Exampie 2 |
Compara-  Polyether-*3 380 380 50 30
tive etherketone
Example 3 (Sumitomo
Bakelite
Co., Ltd.)
ol *3Pulyetheretherketnne
O
-~ O O
Tg: 143° C. Mp: 334° C. |
(Tg: glass transition temperature)
*2Polyethersulfone
N
/ n
Tg: 225° C.
TABLE 3
Compara- Flexural 60 TABLE 3-continued
Exam- tive Flexural modulus of ILSS Compara Flexutal
ple Example strength elasticity  (kgf/ A4 -
2 3 2 Exam- - Flexural  modulus of ILSS
No. No. (kgf/mm ) (kg/mm%) mm? (vol %) ple Example strength elasticity (kgf/ V§
1 155 13,500 10.0 60 No. (kgf/mm?) (kg/mm?) mm?) (vol %)
2 . :
160 13,400 10.0 60 140 12,200 8.5 58
3 160 12,300 10.5 58 65 (55 12,200
4 170 13,800  11.0 65 : 0.2 o7
5 170 12,500 11.0 60 (Note)
6 165 12,200 10.5 58 All measurements were conducted at 23° C.

1 150 12,400 9.8 J9
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EXAMPLES 7-16

The powders of two or more of the thermoplastic
resins shown 1n Table 4-A were mixed at the concentra-
tions also shown in Table 4-A, and the resulting mix-
tures were dispersed in the dispersion media noted in
Table 4-B. By these procedures, resin suspensions were
prepared.

Using these suspensions prepregs were obtained in
the same manner as Examples 1 and 2.

Each of the prepregs had a fiber weight of 150 g/m?
_and a resin content of 34 wt%.

The state of dispersion of resin matrix in the prepregs
was observed with a microscope and it was found that
the resins were uniformly mixed together.

Test pieces were obtained in the same manner as in
Examples 1 and 2. The volume fractions of the fibers in
the so fabricated sheets are noted in Table 4-B.

Test pieces were cut from each sheet and their
Charpy impact strengths and ILSS (measured in the
same manner as In Examples -1 and 2) were measured.
The resuits are shown in Table 1, from which one can
see that the sheets obtained by using a mixture of resin
provide better properties than those obtained by using
single resin.

COMPARATIVE EXAMPLE 4

Two resin films were laminated to provide the same
composition as employed in Example 7 and thermocom-
pressed on a sheet as defined in Examples 1 and 2. The
carbon fiber sheet was thermally impregnated by pas-
sage through nip rollers under the conditions shown in
Table 4-B so as to produce an unidirectional prepreg for
shaping.

Microscopic observation showed that the resin ma-
trix consisted of an uneven blend of resins.

Test pieces were prepared from each of prepregs in
the same manner as in Examples 1 and 2 and its Charpy
impact strength and ILSS were measured in the same
manner as hereinabove. The results are shown in Table
4-B. The prepreg fabricated by merely hot melting resin
films was poorly impregnated with the resins and the
composite molded from this intermediate exhibited a

lower performance than those produced in Examples 7
and 8. |

COMPARATIVE EXAMPLE 5

The powders of the thermoplastic resins shown in
Table 4 and which would provide the same composition
as employed in Example 7 were charged into a bath
having the layout shown in FIG. 1. The powders were
not suspended in any dispersion medium such as ace-
tone and remained dry. Thereafter, a sheet of 40 carbon
fiber bundles having the same characteristics as those
employed in Examples 7 and 8 was passed through the
bath. After the resin particles adhered to the carbon
fiber strands, the fibers were thermally impregnated
with the resins by passage through nip rollers held at
the temperature indicated in Table 4, so as to produce a
prepreg.

This prepreg had fiber weight of 150 g/m? and an
average resin content of 335 wt%.
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Microscopic observation showed that the resin ma-
trix in this prepreg consisted of a uniform blend of res-
ins. However, this intermediate was not satisfactory as a
prepreg of fiber reinforced composite because of poor
impregnation of carbon fibers with the resins.

The prepreg was cut to segments of a predetermined
size as 1n Examples 1 and 2. Twenty of such segments
were laminated one on top of another, placed in a mold,
and shaped under the conditions shown in Table 4, so as
to fabricate a flat sheet.

Test pieces were cut from the sheet and their Charpy
impact strength and ILSS were measured as herein-
above. The results are summarized in Table 4. Because -
of insufficient impregnation of fibers with the resins, the
composite molded from this prepreg exhibited a lower
performance than those produced in Examples 7 and 8.

COMPARATIVE EXAMPLE 6

An attempt was made to fabricate a prepreg for the
shaping of carbon fiber reinforced resin composite by
employing a solution of thermoplastic resins selected to
provide the same composition as employed in Example
7. However, no solvent was available that was capable
of completely dissolving the selected thermoplastic
resins and no satisfactory prepreg could be obtained.

TABLE 4-A

__Examples
7 8 9 10 11

80 70 40 40 40

13

12

Polyetheretherketone* !
(7 um)
Polyethersulfone*?
(25 pm)
Polyetherimide**
(15 pm)
Polysulfone*>

(20 pm)
Polyetherketone*©
(10 pm)
Polyphenylenesulfide*?
(6 pm)
Polyamidolmide*®
(3 pm)

Nylon 12

(15 wm)
Polycarbonate*?
(20 pm)
Polyimide*10

(9 pm)
Polyarylate*!!

(10 pm)

Resin
formu-

lation 10 20

20

30

Comparative
Examples Examples

14 135 16 4 5 6
e S S A

Resin  Polyetheretherketone*! 10 100 80 80 80
formu- (7 um)
lation  Polyethersulfone*?
(25 pm)
Polyetherimide*4
(15 pm)
Polysulfone*?
(20 pm)
Polyetherketone*®
(10 pm)
Polyphenylenesulfide*’
(6 pm)
Polyamidoimide*®
(3 pm)
Nylon 12
(15 pm)
Polycarbonate*?
(20 pm)
Polyimide* 10

10 200 20 20

10

70
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TABLE 4-A-continued

TABLE 4-A-continued
(9 pm) | | (10 pm)
Poiyarylate*!} — — —_ —_— — -
TABLE 4-B
Examples |
7 8 9 10 11 12 13
Production of  Process D . @ O D ) D OB
Prepregs for Dispersion acetone acetone/ acetone acetone/ MEK/ MEK/ methanol
molding ethanol MEK ethanol/ methanol
water
Resin concentration 8 10 8 7 15 10 15
in suspension (wt %) ‘
Temperature for 380 370 370 370 370 350 380
heating to produce -
unitary assembly
C)
Quality good good good good good good good
Mixing of resins in uniform uniform uniform uniform uniform uniform uniform
matrix
Composite Molding temperature 380 380 380 380 380 350 380
molding (°C)
Molding pressure 6 6 6 - 6 6 20
(kg/cm?)
Properties of 0° ILSS AI 23° C. 12 11 12 12 11 12
composite (kgf/mm?)
Charpy impact 190 200 190 200 180 180
strength without
~ edgewise notch
(kgf/mm?)
Examples - | Comparative Examples
14 i5 16 4 5 6
Production of  Process D @ D @ 1€) @
Prepregs for Dispersion MEK acetone methanol - — —
molding Resin concentration 6 8 15 — — —_
in suspension (wt %)
Temperature for - 350 380 380 380 380 —
heating to produce
unitary assembly
("C.)
Quality good good good good poor could
Mixing of resins in uniform uniform uniform not uniform not be
matrix uniform produced
Composite Molding temperature 350 380 380 380 380 —
molding (°C.)
Molding pressure 15 6 20 6 6 —
(kg/cm?)
Properties of - 0° ILSS AI 23° C. 11 10 7 8 9 —
composite (kgf/mm?)
Charpy impact 190 160 140 130 160 —
strength without h
edgewise notch
(kgf/mm?)
Note 1: The proportions of resins are expressed in terms of weight percent.
Note 2: - The average particle size of each thermoplastic resin is shown in brackets.
Note 3: The numerals assigned to the respective processes for the production of prepregs have the following
meanings: (1) method using a resin suspension; (2) method using resin films; (3) method using a bed of resin powders; (4) method using
| a solution of resins:
Note 4: MEK shows methyl ethyl ketone
r o o -
] |
| /C C\
*4 —LN :‘\ | CHj3 N
\ /
O CH;3 O n

?H3©
*5 _ Cll O
-~ CHj . .

O=U=0
O
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TABLE 4-B-continued

i l
*3 R~=N=—=C C
] H |l N

.
O C""'
|
0
- - 1
P M
$Q ——da(D (l: O=C
CHj; !
- n
0 O O
| | | O
C C C |
/ \ C
*10 N N
\ /
] C C
| | |
L. O D I

Note 1: The proportions of resins are expressed in
terms of weight percent.

Note 2: The average particle size of each thermoplas-
tic resin is shown in brackets.

Note 3: The numerals assigned to the respective pro-
cesses for the production of prepregs have the follow-
Ing meanings: (1) method using a resin suspension; (2)
method using resin films; (3) method using a bed of resin
powders; (4) method using a solution of resins.

Note 4: MEK shows methyl ethyl ketone

EXAMPLES 17-18 AND COMPARATIVE
EXAMPLES 7-14

The powder of a polyetheretherketone resin the same
as in Example 2 (particle size, 5 um) was deposited on
carbon fibers by the five methods outlined in Table 5. In
each of these methods, carbon fiber strands the same as
used 1n Example 1 were treated either in the absence of
a stzing agent or after the fibers were held together with
an epoxy resin based sizing agent (bisphenol A type
epoxy resin) at a loading of 1.0 wt%. The quantity of
fuzz in the process of impregnation and the number of
troubles (the stopping times of the operation) occurring
during the operation of production of the prepreg are
shown in Table 5. As is clear from the results shown in
~ Table 5, fuzz formed on the prepreg and the number of

P i I
*1] ==—t=0 (I'J O—C O O ey
* CH;

Wil -—ﬂ

435

50

60

65
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troubles occurred during the operation in Examples 17
and 18 were much smaller than those of Comparative
Examples 7-14. Furthermore by comparing the results
of Examples 17 and 18 it can be recognized that when
the carbon fiber strand treated with a sizing agent was
used in the present invention more improved results
than those of the carbon fiber strand not treated with a
sizing agent were obtained.

EXAMPLES 19 AND 20

The powders of a polyetheretherketone resin the
same as used in Example 2 and a polyamideimide pow-
der the same as used in Example 10 were suspended in
the dispersion mediums shown in Table 6 and the con-
centrations of resins in the resulting suspensions were
adjusted to the values also shown in Table 6.

After each of the suspensions was charged in a bath
having the layout shown in FIG. 1, a sheet (as defined
in Example 1) of which carbon fiber strand being sized
with an epoxy resin (bisphenol A type epoxy resin)
based sizing agent was passed through the bath (25° C.).

After predetermined amounts of the resin particles
were deposited on the sheet of carbon fibers, the strand
was dried at 150° C. for 10 minutes and thermally im-
pregnated by passing through nip rollers (1 kg/cm?)
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that were held at the temperatures indicated in Table 6,
thereby producing unitary prepregs of unidirectional
carbon fiber reinforced thermoplastic resin.

Each of the prepregs had fiber weight of 150 g/m?

18

passage through nip rollers (1 kg/cm?) held at the tem-
perature indicated in Table 6, so as to produce unitary
prepregs of unidirectional carbon fiber reinforced ther-
moplastic resins. |

: : S .
and a resin content of 34%. Each prepreg was obtained Each of the prepregs thus produced had fiber weight
under the conditions shown in Table 6, was cut to seg- of 150 g/m? and a resin content of 35 wt%. Each pre-

ments of test pieces, in the same manner as Example 1. preg was cut to segments of a predetermined size. Test
The volume fractions of the fibers in the so fabricated  pieces were produced in the same manner as in Example
pieces are shown in Table 7. Test pieces were subjected 10 1 under the conditions shown in Table 6. The volume
to measuring bending characternistics and interlaminar fractions of the fibers in the so fabricated sheets are
shear strength. The results are shown in Table 7. shown in Table 7. Test pieces were subjected to measur-
| ing bending characteristi Interlami hear
EXAMPLE 21 g g cteristics and interlam nar shear
_ strength as in example 1. The results are summarized in
Prepregs were Produced as In ExamPle 20 gcept' tpat 15 Table 7.
the carbon fibers in strands were not sized with a sizing
: iy . TABLE 5
agent. The specific conditions of production of prepregs _ _ —
and the characteristics of the shaped sheet are shown in Sm{f”;f;?fn c;ffp":;d‘::“m
. —_Operation of prepics
Table 6 and 7, respectively. 50 Method of Number of
_ depositing resin Sizing  Fuzz value troubles
COMPARATIVE EXAMPLES 15 AND 16 particles agent (g/m)* per hour
Films of the resins shown in Table 6 were thermo-  Ppassing fiber Compara- .
compressed onto the sheets in the same manner as in ;tfgnd through a . ti‘”ﬂl , absent 1650 8
C . ed containing xample
Example 19. The combinations were passed thl:ough NP 35 , resin powder  Example 8 present 660 - 4
rollers (1 kg/cm?) to effect thermal impregnation under  Bringing fiber
the conditions shown in Table 6. Test pieces were ob-  Strand into Example 9 absent 1485 6
: . . . contact with a
tamefi under the cpndltlons shown 1n Table 6 and their resin powder  Example 10 present 643 1
bending characteristics and ILSS were measured in the under vibration
. , 30 Spraying fiber
same manner as in Example 1. The res_ults are shown in Y “F -SSR Example 11 absent 1390 s
Table 7. The prepregs that were fabricated by merely electrically
hot melting resin films were poorly impregnated with Gharged resimn  Example 12 present 361 2
: : powder
the resins 'a::-1d the composites molded from these pre-  gyigizing Example 13 absent 1190 4
pregs exhibited a lower performance than those pro- 35 fesin powder
duced in Examples 19 and 20. under a gas
| . stream and
COMPARATIVE EXAMPLES 17-20 contacting with Example 14 present 561 2
| fiber strand
The powder of a polyetheretherketone (the same as Immersing fiber |
used in Example 2; particle size, 5 um) was deposited on 4 zt;?is‘gs o Example 17 absent 3300 :
sheets the same as used in Example 1 (unsized with a resin powder in Example 18 present 82 0
sizing agent). The deposition methods employed were liquid
the. first four of the methods described in Table 5. The **Fuzz value” indicates the amount of fuzz retained on guides.
~carbon fiber sheets were then thermally impregnated by
TABLE 6
Smoothness of
Resin suspension  Tempera- Molding conditions prepregging
_ parti- resin ture of tem- operation
Ex- Compar- cle concen- nip pera- Number of
am-  ative Sizing Thermoplastic size dispersion  tration . rollers ture Pressure time Fuzz troubles
ple Example Agent resin powder (wm) medium  (wt. %) (°C.) (°C) (kg/cm?) (min) (pg/m) (per hr)
17 absent polyetherether- 5 acetone 10 380 380 40 30 330 ]
ketone *1
19 present polyetherether- 5 acetone 10 380 380 40 30 82 0
ketone *1
21 absent polyamideimide3 10 methylene 15 350 350 30 30 429 2
chloride
20 present polyamideimide™8 10 methylene 15 350 350 80 30 99 0
i | chloride
15 absent nylon 12 — resin fiim hot- 260 260 25 30 396 2
(film) meited
16 absent polyetherether- e resin film hot- 380 330 50 30 313 1
ketone *3 (film) melted
17 absent polyetherether- 5 as in Comparative 380 380 40 30 1650 8
| ketone *1 Exampie 7
18 absent polyetherether- 5 as in Comparative 380 380 40 30 1485 6
| Ketone *1 Example 9
19 absent polyetherethere 5 as in Comparative 380 380 40 30 1320 5
| ketone *! | Example 11
20 . absent polyetherether- 3 as in Comparative 380 380 40 30

1320 4
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TABLE 6-continued

Smoothness of

Resin suspension _Tempera- Molding conditions prepregging
parti- resin ture of tem- operation
Ex- Compar- cle concen- nip pera- Number of
am- ative Sizing Thermoplastic size dispersion  tration rollers  ture Pressure  time Fuzz troubles
ple Example Agent resin powder (em) medium  (wt. %) (°C.) (°C.) (kg/cm?) (min) (ug/m) (pr hr)
ketone *1 Example 13
TABLE 7
Example Comparative Example

17 19 21 20 14 13 16 17 18 i9

Flexural strength 173 175 168 170 140 155 155 156 160 160

(kgf/mm?)

Flexural modulus 13.2 135 128 128 128 126 12.5 126 130 13.1

of elasticity

(X 10° kgf/mm?)

ILSS
(kgf/mm?)

122 120 1.1 11.0 85 92 95 96 9.8 10.0

Volume fraction 60 62 56 55 58 57 56 57 58 60

of fibers
(vol %)

Appearance of B A B A C C C C C C

prepreg

Note:

The appearance of a prepreg was rated “A’ when it was free from any fuzz, rated “B” when it had very
few fuzz of short filaments on its surface, and rated “C” when it had the fuzz in such an extent that the
appearance of the prepreg is deteriorated.

EXAMPLES 22 TO 27 AND COMPARATIVE changed as shown n Table 8. Characteristics of the
EXAMPLES 20 TO 22 pr(}dUCtS are shown in Table 9.
TABLE 8
Comparative

Comparative Comparative Example 22 Example 25 Example 26 Example 27

Example 20 Example 21 Example 22 Example 23 Polyether- Polyether- Polyether-  Polyether-
Thermoplastic resin Nylon 12 Nylon 12 Nylon 12 Nylon 12 etherketone etherketone etherketone etherketone
Resin particle 10 10 10 10 10 10 10 10
diameter (pm)
Amount of the 20 20 20 20 10 10 10 10
resins (wt. %)
Suspension medium H->O H->O H-,O Acetone H»>O H>O ethanol H-2O

acetone acetone acetone ethanol

(wetght ratio) (80/20) (80/20) (90/10) (80/20)
Thickening agent Sodium — — — Polyethylene — — -—

polyacrylate oxide
Viscosity of the 1,200 1.0 0.9 0.3 400 0.9 1.0 1.1

medium containing
the thickening

agent (CPS)

o

Viscosity of the 8,000 Suspension 6,000 800 7,000 5,500 2,000 6,000
suspension (CPS) was unstable

Temperature of 25 25 25 25 25 25 25 25
impregnation (°C.)

Time for impregnation 3 3 2 0.5 3 2 1 2
(minute) |

Removed medium liquid 80 —* 80 80 90 90 90 90
by squeezing (wt. %)

Drying temperature X 150 X 10 150 X 10 150 X 10 150 X 10 150 X 10 150 X 10 150 X 10 150 X< 10
time (°C. X minute)

Temperature of nip 260 260 260 260 380 380 380 380

rollers (°C.)

*Squeezing could not be conducted (Since the suspension impregnated in the strand is present only near the surface of the strand, i.e., penetration of the suspension is not
desper toward the strand’s core, the necessary amount of suspension would not remain in the strand if squeezing were to be conducted).

Resin products were produced in the same manner as
in Example 1 except materials and conditions were

TABLE 9
%
Comparative  Comparative  Example Example Comparative Example Example Example

Example 20 Example 21 22 23 Example 22 25 26 27
%
Resin content (wt. %) 32 25 36 40 32 34 34 32
Impregnating X X U U X U U U
ability**

Molding temperature X 260 X 3 260 X 3 260 X 3 260 X 3 J80 X 15 380 x 15 380 x 15 380 x 15

time (("C. X minute)
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TABLE 9-continued

Comparative Comparative Example Example Comparative Example Example Example

Example 20 Example 21 22 23 Example 22 25 26 27
Moldin% pressure 15 15 15 15 15 15 15 15
(kg/cm*) |
Voids in molding*** > > < < > < < <
Flexural strength 145 140 155 160 145 170 170 160
(kgf/mm?)
Flexural modulus of 13.0 15.5 13.5 13.2 13.0 13.4 3.5 13.2
alasticity
(X 103 kgf/mm?)
ILSS (kgf/mm?) 8.7 7.6 10.0 10.0 8.7 11.0 11.0 11.0
Volume fraction 60 75 60 58 60 60 &0 60

of fibers (vol %)

**A section of the strand which was subjected to heating to melt the resin observed by a microscope.
X: Resin particles exist only near the surface of the strand; penetration is not deeper towards the strand’s core.

U: Resin particles exist uniformly in the strand.
*=%x~.: Voids constitute more than 2% of the molding.
<: Voids constitute less than 2% of the molding.

As can be seen in Table 9, when water 1s used as a
suspension medium a resin product having high me-
chanical characteristics cannot be obtained. From the
results it 1s clear that the liquid medium used for the
suspension should contain at least 20wt %, preferably at
least 60 wt%, of an organic hquid in order to obtain a
resin product having high mechanical characteristics.

Furthermore, it also can be seen that when a liquid
medium containing at least 20 wt% of organic liquid is
used the required. time for impregnation is very short.

What 1s claimed is: |

1. A process for producing a product of carbon fiber
reinforced thermoplastic resin comprising immersing
carbon fibers in a suspension of a powder of a thermo-
plastic resin in a liquid medium, which contains at least
20 wt% of an organic liquid which contains from O to 80
wt% water, to impregnate the thermoplastic resin
among the carbon fibers, and heating the thermoplastic
resin deposited on the fibers to melt and form a unitary
assembly with carbon fibers. |

2. A process according to claim 1, wherein the carbon
fibers are immersed in the suspension in a form of a
strand, a sheet comprising of strands or a fabric com-
prised of strands.- | |

3. A process according to claim 2, wherein the strand
comprises of from 12,000 to 10,000,000 filaments.

4. A process according to claim 1, wherein the carbon
fibers have a diameter of from 1 to 20 um.

5. A process according to claim 1, wherein the carbon
fibers have a strength of at least 100 kgf/mm? and a
modulus of elasticity of at least 10X 103 kgf/mm?.

6. A process according to claim 1, wherein the ther-
moplastic resin is a resin selected from the group con-
sisting of polysulfones, polyethersulfones, polyetherke-
tones, polyetheretherketones, aromatic polyamides,
aromatic polyesters, polycarbonates, polyetherimides,
polyarylene oxides, polyamide, polyethylene tere-
phthalate, polyphenylenesulfide, polyamideimide, poly-
allylate and thermoplastic polyimides.
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7. A process according to claim 1, wherein the ther-
mopiastic resin is a mixture of at least two kind of ther-
moplastic resin. S |

8. A process according to claim 1, wherein the pow-
der of the thermoplastic resin comprises particles hav-
ing a size of not more than 50 um.

9. A process according to claim 1, wherein the sus-
pension contains the thermoplastic resin in an amount of
from 1 to 50 wt% based on the total weight of suspen-
S101.

10. A process according to claim 1, wherein the liquid.
medium contains at least 60 wt% of an organic liquid.

11. A process according to claim 1, wherein the
amount of the resin particles deposited on carbon fibers
is 10 to 70 wt% based on the weight of the thus treated
carbon fibers.

12. A process according to claim 1, wherein the car-
bon fiber is treated with a sizing agent and the liquid
employed to make the suspension is a solvent for sizing
agent.

13. A process according to claim 12, wherein the .
amount of the sizing agent on carbon fibers is from 0.5
to 5.0 wt% based on the combined weight of the carbon
fibers and sizing agent. |

14. A process according to claim 12, wherein said
sizing agent 1s an agent selected from the group consist-
ing of an epoxy resin, a soluble polyamide, a polyvinyl
pyrrolidone and a polyvinylalcohol.

15. A process according to claim 1, wherein the pow-
der is impregnated and deposited on the carbon fibers
by applying a direct current between the suspension and
carbon fibers immersed in the suspension.

16. A process according to claim 1, wherein the or-
ganic liquid is selected from the group consisting of (i)
a halogenated hydrocarbon compound and (ii) an or-
ganic liquid which is miscible with water.

17. A process according to claim 16, wherein said
organic liquid which is miscible with water is a com-
pound selected from the group consisting of an alcohol
and a ketone. *

18. A process according to claim 1, wherein said
thermoplastic resin has a melting point or glass transi-
tion temperature (if the resin does not have melting

point) of not lower than 150° C.
* % Xk ¥ *
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